The circadian rhythm of the liver plays an important role in maintaining its metabolic homeostasis. We performed comprehensive expression analysis of microRNAs (miRNAs) using TaqMan polymerase chain reaction of liver biopsy tissues to identify the miRNAs that are significantly up-regulated in advanced chronic hepatitis C (CHC). We found homolog 1 [LRH1] ). The expression of Bmal1 was significantly correlated with the expression of mitochondrial biogenesis-related genes and reduced Bmal1 was associated with increased serum alanine aminotransferase levels and progression of liver fibrosis in CHC. Thus, impaired circadian rhythm expression of Bmal1 by miR-10a disturbs metabolic adaptations, leading to liver damage, and is closely associated with the exacerbation of abnormal liver metabolism in patients with advanced CHC. In patients with hepatitis C-related liver cirrhosis, liver tissue miR-10a levels were significantly associated with hepatic reserve, fibrosis markers, esophageal varix complications, and hepatitis C-related hepatocellular carcinoma recurrence. Conclusion: MiRNA-10a is involved in abnormal liver metabolism in cirrhotic liver through down-regulation of the expression of the circadian rhythm gene Bmal1. Therefore, miR-10a is a possible useful biomarker for estimating the prognosis of liver cirrhosis.
MicroRNA-10a Impairs Liver Metabolism in Hepatitis C Virus-Related Cirrhosis Through Deregulation of the Circadian Clock Gene Brain and Muscle Aryl Hydrocarbon Receptor Nuclear Translocator-Like 1
T he progression of chronic hepatitis to liver cirrhosis (LC) is closely associated with the complication of hepatitis C-related hepatocellular carcinoma (HCC) and concurrent symptoms of liver failure, such as variceal hemorrhage, ascites, jaundice, and hepatic encephalopathy. Therefore, the development of useful biomarkers to predict the complications of LC could facilitate early treatment, thus improving the quality of life of patients with LC and its prognosis. (1) MicroRNAs (MiRNAs) have recently been gaining attention as a useful biomarker for liver disease. Previous reports have shown that expression of miR-21, (2) miR-199a, miR-200a, (3) and miR-214 (4) is associated with the progression of liver fibrosis. MiR-122 is also reportedly associated with hepatitis C virus (HCV) replication and lipid metabolism and is involved in the inhibition of liver fibrosis, exhibiting an antitumor effect. (5) Abnormal expression of miRNAs induced in advanced liver fibrosis is possibly associated with abnormal liver metabolism. However, currently there are few reports on miRNAs being closely related to the progression of abnormal liver metabolism.
The circadian rhythm of the liver plays a major role in liver metabolism. In the liver, the metabolism of glucose, bile acid, lipids, and cholesterol is affected by the circadian rhythm, and the expression of metabolism-regulating factors fluctuates in a circadian manner. Reportedly, an abnormal circadian rhythm can lead to genome instability, increased cell proliferation, and be associated with cancer. (6) In the present study, we found that miR-10a regulates liver metabolism by suppressing circadian rhythm gene expression. We also examined the usefulness of miR-10a as a predictive biomarker for the complications of LC.
Materials and Methods

CliniCal samples
We used liver tissue samples from 157 patients with HCV infection ( Table 1 ). miRNA and messenger RNA (mRNA) expression profiling were obtained from 41 patients with chronic hepatitis C (CHC; cohort 1) by TaqMan MicroRNA Assay (7) and Affymetrix GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA). (8) mRNA expression profiling was obtained from 50 patients with CHC (cohort 2) to evaluate miR-10arelated circadian rhythm gene expression. The clinical significance of miR-10a was analyzed in 66 patients with LC (Table 1 ; Supporting Table S2 ). As Inh, Inhibitor; KO, knockout; LC, liver cirrhosis; LD, liquid droplet; LRH1, liver receptor homolog 1; miRNA/miR, microRNA; MOI, multiplicity of infection; mRNA, messenger RNA; MT, mutant; mTOR, mammalian target of rapamycin; N.S., not significant; p, phosphorylated; PCK, phosphoenolpyruvate carboxykinase; PCR, polymerase chain reaction; PEG-IFN, pegylated interferon; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; PPAR/A/G, peroxisome proliferator-activated receptor/alpha/gamma; RBV, ribavirin; ROR, RA receptorrelated orphan receptor; RORE, RA receptor-related orphan receptor-responsive element; RTD-PCR, real-time detection polymerase chain reaction; S6K, ribosomal protein S6 kinase; SREBP, sterol regulatory element binding protein; SVR, sustained virologic response; T-Chol, total cholesterol; TG, triglyceride; TGF-β, transforming growth factor β; UTR, untranslated region; WT, wild type. control samples, we used healthy liver tissues from 9 patients who underwent surgery for metastatic liver tumor. (7) The present study was approved by the Institutional Review Board of Kanazawa University Hospital for research on human genome and gene analysis. Written informed consent was obtained from all patients.
miRna QuantitatiVe Real-time DeteCtion polymeRase CHain ReaCtion
We homogenized 1 mg of liver tissue samples preserved in liquid nitrogen using a homogenizer. Total RNA, including miRNAs, was isolated using the mirVana miRNA isolation kit (Ambion, Austin, TX), as per the manufacturer's instructions, and stored at −80°C until further analysis. miRNA expression levels were measured using the Taqman MicroRNA Assays Human Panel Early Access kit (Applied Biosystems, Foster City, CA). (7) 
Cell lines
We cultured Huh-7 or Huh-7.5 cells containing 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin in Dulbecco's modified Eagle's medium (DMEM; Gibco BRI, Gaithersburg, MD). 
otHeR eXpeRimental pRoCeDuRes
The additional experimental procedures, including miRNA expression analysis, mRNA expression data analysis, HCV replication, fatty acid treatment, western blotting and immunofluorescence staining, quantitative real-time detection polymerase chain reaction (RTD-PCR), and reporter assay, are described in Supporting Experimental Procedures.
statistiCal analysis
Results are expressed as mean ± SD. A minimum of six samples were tested in each assay. Significance was tested by one-way analysis of variance with Bonferroni's methods, and differences were considered statistically significant at P < 0.01.
Results
miRna eXpRession pRoFiling oF tHe liVeR in CHC
Among 157 patients with HCV infection, there were no differences in clinical characteristics among CHC patients (cohort 1 vs. cohort 2) except histologic grade (cohort 2 included patients with more active histologic grade). Body mass index, platelet count, alanine aminotransferase (ALT), and serum lipid levels were significantly lower in the patient cohort with LC ( Table 1) . miRNA expression profiling was obtained from 41 patients with CHC (cohort 1). To determine the clinical characteristics associated with the differences in miRNA expression, we examined the relationship between the clinical backgrounds of 41 patients with CHC (cohort 1) and miRNA expression ( Table 1 ; Supporting Table S1 ). The supervised learning method (BRB-ArrayTools; National Center for Biotechnology Information) was used to examine whether 41 patients were classified according to each clinical category using differentially expressed predictor miRNAs (P < 0.05). Based on histology (stage, activity, and steatosis), age, sex, levels of ALT, amount of HCV-RNA, interleukin-28B genotype, and treatment response to pegylated interferon (PEG-IFN)+ribavirin (RBV) therapy, each predictor was identified (55, 38, 17, 11, 4 , 50, 1, 3, and 7 miRNAs, respectively). However, only 55 predictors according to histologic progression (F12 vs. F34) could accurately classify the patients (P < 0.002) ( Supporting Table S1 ). Table 2 presents 20 representative miRNAs out of the 55 predictors to differentiate histologic progression (F12 vs. F34). One-way hierarchical clustering of 41 patients with CHC and 9 healthy patients using these 20 predictor miRNAs is shown in Supporting Fig. S1 . We previously reported that miR-214 is associated with fibrosis progression (4) and miR-27a with fatty change and fibrosis. (9) In the present analysis, we focused on four up-regulated miRNAs (miR-10a, miR-195, miR-199a-3p, and miR-218), and one down-regulated miRNA (miR-19a) with the progression of liver fibrosis. To determine the specific gene expression regulated by these miRNAs, we analyzed the mRNA expression profiles of liver tissues of the 41 patients by Affymetrix GeneChip. Each miRNA candidate target gene was extracted from miRbase (http://www.mirba se.org). Gene set expression comparison (F12 vs. F34) based on the Kyoto Encyclopedia of Genes and Genomes pathway was performed using candidate target genes of miRNA (P < 0.005) ( Table 3 ). The results revealed that miR-19a, miR-195, and miR-199a-3p regulate genes related to fibrosis and angiogenesis. Interestingly, the regulatory pathway of miR-10a differed from that of other miRNAs; it regulates the metabolic, peroxisome proliferator-activated receptor (PPAR) signaling, and circadian rhythm pathways ( Table 3 ). We could not identify a signaling pathway regulated by miR-218.
miRna eXpRession, HCV inFeCtion, anD nutRitional status
Liver malnutrition develops with the progression of CHC. Therefore, we analyzed the expression of miR-10a, miR-19a, miR-195, miR-199a-3p, and miR-218 under the conditions of HCV infection and poor nutrition. The expression of miR-10a was up-regulated approximately 5-fold in the presence of HCV infection. Furthermore, when the amino acid concentration in the culture medium was decreased to one fifth, miR-10a expression level increased by up to 30-fold ( Fig. 1A) . In contrast, by adding branched-chain amino acids (BCAAs), this change in the expression disappeared ( Fig. 1A ). The other miRNAs (i.e., miR-19a, miR-195, and miR-218) except miR-199a-3p exhibited no change in their expression levels from HCV infection and poor nutritional status (Fig. 1A) . The effect of HCV infection and low amino acid levels on the induction of miR-10a was further analyzed in detail ( Fig. 1B ). Cell culture HCV (HCVcc) (HJ3-5/Gaussia luciferase [GLuc]2A) (10) infection induced the expression of miR-10a in a dose-dependent manner (up to 26-fold at multiplicity of infection [MOI] = 10). Similarly, lower amino acid levels further induced the expression of miR-10a (up to 47-fold in 1:10 diluted DMEM with ZERO medium) ( Fig. 1B) . However, the combination of lower amino acid levels (from one-half to 1:10 serially diluted DMEM with ZERO medium) and HCV infection (MOI = 1) did not show further induction of miR-10a ( Fig. 1B) . In primary human hepatocytes, HCV replication and lower amino acid level significantly induced the expression of miR-10a, although the differences were less apparent in Huh-7.5 cells ( Fig. 1C ; Supporting Materials and Methods).
We next analyzed the effect of miRNA expressions on HCV replication. Huh-7.5 cells were transfected with H77-derived HCV RNA carrying a GLuc reporter gene (H77S.3GLuc/2A) (11) together with each mimic miRNA, and GLuc activity was then measured to assess HCV replication. Previous reports have revealed that miR-27a and miR-199a-3p inhibit HCV replication, (7, 12) and we found overexpression of miR-10a, miR-195, and miR-214 significantly inhibited HCV replication in this study ( Fig. 1D ). Conversely, overexpression of miR-19a and miR-218 had no effect on HCV replication (Fig. 1D ). The findings were further confirmed by the experiment of HCV infection. Huh-7.5 cells were infected with HCVcc (HJ3-5/GLuc2A), (10) and the effect of miR-10a on HCV infection was analyzed. Overexpression of miR-10a inhibited HCV infection, and the inhibition of miR-10a increased HCV infection. While oleic acid treatment increased HCV infection, overexpression of miR-10a similarly inhibited HCV infection, and inhibitor of miR-10a increased HCV infection ( Fig. 1E ). Therefore, miR-10a was upregulated with HCV infection and with poor nutritional status; in turn, elevated miR-10a inhibited HCV replication and infection. Expression values of miRNAs are shown as relative fold to control RNU6B. Abbreviations: N, normal; RNU6B, RNA U6 small nuclear 6, pseudogene.
miR-10a anD Fatty aCiD metaBolism
Pathway analysis of the gene expression profile regulated by miR-10a revealed that miR-10a was involved in lipid metabolism (Table 3 ). To assess the functional relevance of miR-10a in lipid metabolism, we evaluated the intracellular levels of triglyceride (TG) and total cholesterol (T-Chol) in Huh-7 cells in which miR-10a was overexpressed or knocked down. Stained intracellular liquid droplets (LDs) captured by confocal laser microscopy are shown in Fig. 2A . LDs in Huh-7 cells were reduced by miR-10a overexpression. Conversely, LDs increased by inhibiting miR-10a expression and further increased with the addition of oleic acid. Intracellular TG ( Fig. 2A , right upper) and T-Chol (Fig. 2C , upper) levels also declined following miR-10a overexpression and increased by the inhibition of miR-10a expression. Alternatively, fatty acid oxidation increased with miR-10a overexpression and decreased with the inhibition of miR-10a expression ( Fig. 2A, right lower) .
We also assessed the changes in the expression levels of lipid metabolism-related genes in Huh-7 cells induced by miR-10a. Pathway analysis of the gene expression profile suggested a relationship with the PPAR pathway (Table 3) ; therefore, expressions of the lipid synthesis transcription factors PPARA, fatty acid synthase (FASN), and sterol regulatory element binding protein 1 (SREBP1) were evaluated in Huh-7 cells (Fig. 2B,D-F) . miR-10a overexpression suppressed the expression of SREBP1 and FASN, and oleic acid treatment further suppressed their expression. Conversely, in a starved state, expression levels of SREBP1 and FASN were elevated; however, the gene expression suppressive effect remained unchanged by miR-10a overexpression. By contrast, knockdown of miR-10a expression up-regulated the expression of these genes (Fig. 2B,D) . SREBP1 exists in precursor (125 kDa) and nuclear (68 kDa) forms. Western blotting showed that these forms were reduced by overexpression of miR-10a and increased by inhibiting the expression of miR-10a ( Fig. 2E) . The same experiment was performed using HCV (H77Sv2 GLuc2A)-transfected Huh-7.5 cells, and similar results were obtained (data not shown).
We also found that the expression of SREBP2, a cholesterol synthesis-related gene, decreased by the overexpression of miR-10a and increased by inhibiting the expression of miR-10a (Fig. 2C, lower) . PPARA enhances the expression of SREBP1c in the liver. (13) The overexpression of miR-10a inhibited PPARA, and inhibition of miR-10a increased the expression of PPARA (Fig. 2F) .
The effects of miR-10a on lipid metabolism were not due to apoptosis induced by miR-10a.
Overexpression of miR-10a did not affect cell viability, as evaluated by cell counting and caspase 3/7 release (Supporting Fig. S2 ).
miR-10a anD CiRCaDian RHytHm genes
Abnormality in the circadian rhythm genes has been reported to be closely associated with metabolic disturbance. RA receptor-related orphan receptor (ROR) alpha (RORA) was extracted as a target gene of miR-10a (Table 3) . RORA is reportedly associated with lipid metabolism (14) and gluconeogenesis (15) in the liver. Brain and muscle aryl hydrocarbon receptor nuclear translocatorlike 1 (Bmal1), the core clock gene associated with lipid metabolism, is known to be a tumor suppressor (16) and is a target gene of RORA. Therefore, we analyzed the relationships of RORA and Bmal1 with miR-10a. The overexpression of miR-10a down-regulated the expression of RORA and Bmal1, whereas miR-10a inhibition up-regulated their expression ( Fig. 3A) . Similar results were observed under oleic acid treatment. By contrast, the expression of PPARG, reported to be inhibited by RORA, (17) remained relatively unaffected by the overexpression or knockdown of miR-10a (Fig. 3B ). The expression levels of miR-10a, RORA, and Bmal1 were enhanced in a starved state, whereas miR-10a inhibition resulted in a more marked increase in the expression levels of RORA and Bmal1 (Fig. 3C,D) . Western blotting confirmed that the overexpression of miR-10a considerably inhibited RORA and Bmal1, whereas the inhibition of miR-10a expression increased the expression levels of these genes at the protein level ( Fig. 3E) .
We next examined the inhibition of RORA expression by miR-10a using a reporter assay. The RORA 3′-untranslated region (UTR) had two putative miR-10a binding sites. This involved construction of the expression vectors pmirGLO-RORA-1 wild type (WT) and pmirGLO-RORA-2 WT with the 3′-UTR sequence, including two candidate binding sites, 3′-UTR (440-640) and 3′-UTR (4,380-4,580), fused to the 3′ terminus of a luciferase gene (Fig. 3F) . The overexpression of miR-10a considerably reduced luciferase activity in pmirGLO-RORA-1 WT and pmirGLO-RORA-2 WT (Fig. 3F ). However, in pmirGLO-RORA-1 mutant (MT) and pmir-GLO-RORA-2 MT, with a mutation introduced at the miR-10a binding site, no change was observed in luciferase activity following the overexpression of miR-10a. In contrast, the inhibition of miR-10a expression significantly increased luciferase activity in pmir-GLO-RORA-1 WT and pmirGLO-RORA-2 WT, but no change was observed in pmirGLO-RORA-1 MT and pmirGLO-RORA-2 MT. These results suggest that miR-10a directly inhibits the expression of RORA by binding to the 3′-UTR of RORA.
miR-10a is a RHytHmiC gene anD Regulates Bmal1-DepenDent Regulation oF VaRious metaBoliC pRoCesses in HepatoCytes
As miR-10a regulates Bmal1, we examined whether miR-10a is also related to circadian rhythm. The experiments of synchronization of Huh-7 cells with serum shock (50% FBS) and release revealed the rhythmic expression pattern of miR-10a, similar to the expression pattern of Bmal1 (Fig. 4A,  left) . Interestingly, rhythmic expression of Bmal1 was blunted by the overexpression of miR-10a ( Fig. 4A,  right) . Moreover, up-regulation of SREBF1, SREBF2, and FASN, downstream of Bmal1 was also hampered by the overexpression of miR-10a (Fig. 4B) .
Bmal1 regulates circadian rhythm of the metabolism of lipids, bile acids, and glucose and is important in maintaining metabolic homeostasis. (18) Bile acid is synthesized by cytochrome P450 family 7 subfamily A member 1 (CYP7A1) from cholesterol, and CYP7A1 is regulated by liver receptor homolog 1 (LRH1). The overexpression of miR-10a reduced the expression of LRH1 (Fig. 4C, left) . When chenodeoxycholic acid (CDCA) was added as bile acid in the cell culture, the intracellular cholesterol level was found to be elevated (Fig. 4C, right) . CDCA reportedly increases lowdensity lipoprotein receptor expression in liver cancer cell-line culture, (19, 20) which may be attributed to the increased inflow of cholesterol into cells. The overexpression of miR-10a significantly inhibited the intracellular increase of cholesterol level caused by CDCA. Furthermore, the inhibition of miR-10a expression resulted in a further increase in the elevated intracellular cholesterol level caused by CDCA (Fig. 4C, right) .
We next examined the relationship between miR-10a and gluconeogenesis. In the liver, gluconeogenesis is regulated by PPARG coactivator 1 alpha (PGC1α). PGC1α interacts with hepatocyte nuclear factor 4 alpha (HNF4α) and forkhead box O1 (FOXO1) to promote phosphoenolpyruvate carboxykinase (PCK)1 and PCK2 transcription, thus enhancing gluconeogenesis. (21) (22) (23) In hepatocyte-specific Bmal1-knockout (KO) mice, hypoglycemia has been reported to reduce liver glycogen during fasting and increase blood sugar clearance. (24) The overexpression of miR-10a inhibited the expression of PCK1 and PGC1α involved in gluconeogenesis; however, the expression of these genes was up-regulated by inhibiting the expression of miR-10a (Fig. 4D) .
We also examined the relationship between miR-10a and protein synthesis. The overexpression of miR-10a inhibited the phosphorylation of mammalian target of rapamycin (mTOR) and ribosomal protein S6 kinase (S6K) present downstream of mTOR, whereas their expression increased by inhibiting the expression of miR-10a (Fig. 4E, left) . Adenosine monophosphateactivated protein kinase (AMPK) acts as a regulatory factor of cellular metabolism whereby it regulates lipid synthesis, gluconeogenesis, and protein synthesis. AMPK is reported to regulate circadian rhythm genes. We found that the overexpression of miR-10a inhibited AMPK activity, whereas its inhibition enhanced AMPK activity (Fig. 4E, right) . These results demonstrated that the inhibition of lipid synthesis, gluconeogenesis, and protein synthesis by miR-10a was also associated with AMPK inhibition by miR-10a.
The effects of miR-10a on liver metabolism were not owing to apoptosis induced by miR-10a. Overexpression of miR-10a did not affect cell viability as evaluated using the cell counting kit and the measurement of caspase 3/7 (Supporting Fig. S2 ). More importantly, miR-10a-induced phenotypes, such as the suppression of TG and T-Chol in Huh-7 cells, and the inhibition of SREBF1, SREBF2, FASN, PPARA, PCK1, PPARGC1, phosphorylated (p)-mTOR, p-S6K, and p-AMPK were all rescued by the overexpression of Bmal1 or RORA (Supporting Fig. S3 ).
In addition to the 41 patients with CHC (cohort 1), we extended mRNA expression in 50 patients with CHC (cohort 2). We found that the expression levels of RORA, Bmal1, PPARA, PCK2, and LRH1 were significantly decreased in accordance with the progression of liver disease (Supporting Fig. S4 ). Conversely, expression of programmed cell death 4 (PDCD4), which is negatively regulated by mTOR signaling, significantly increased with the progression of liver disease (Supporting Fig. S4 ). Interestingly, expression of Bmal1 was negatively correlated with serum levels of ALT, aspartate aminotransferase (AST), and gamma guanosine triphosphate (Supporting Fig. S5A ). Moreover, the expression of Bmal1 was positively correlated with the expression of mitochondrial oxidative phosphorylation (OXPHOS)-related genes (Supporting Fig. S5B ). Thus, Bmal1 is closely associated with liver function and mitochondria biogenesis. Interestingly, patients with sustained virologic response (SVR) by PEG-IFN+RBV therapy expressed higher hepatic Bmal1 than patients without SVR (Supporting Fig. S4 ).
eXpRession oF miR-10a Can seRVe as a useFul BiomaRKeR FoR HepatiC ReseRVes in patients WitH lC
Our results suggested the expression of miR-10a is associated with hepatic reserves and prognosis in patients with CHC. Therefore, we measured the expression levels of miR-10a in the additional liver tissues of 66 patients with LC (Table 1 ; Supporting  Table S2 ). Liver tissue miR-10a levels were positively correlated with serum alkaline phosphatase (ALP) levels and negatively correlated with serum albumin levels and high-density lipoprotein cholesterol (HDL-Chol) levels (Fig. 5A) . As a marker for fibrosis, miR-10a levels were positively correlated with collagen IV, liver stiffness on FibroScan, the AST to platelet ratio index, and the fibrosis-4 index (Fig. 5B ). Expression of miR-10a was also significantly higher in patients with Child-B and Child-C than in those with Child-A and significantly higher in patients receiving BCAAs than in those not receiving BCAAs. In addition, expression of miR-10a was significantly higher in patients with esophageal varices at a high risk of rupture than in those without this risk (Fig. 5C) .
The relationship between expression of miR-10a and recurrence-free survival period following radical treatment for HCC was also examined. We found that the recurrence-free survival period was significantly shorter in the group with elevated expression of miR-10a than in the group with low expression of miR-10a ( Fig. 5D ). Therefore, the expression of miR-10a may serve as a useful biomarker for hepatic reserves in patients with LC.
Discussion
The progression of chronic hepatitis results in various metabolic disorders, such as hypocholesteremia, fasting hypoglycemia, hypoalbuminemia, hyperbilirubinemia, and hyperammonemia. Furthermore, it can be associated with fatal complications, such as esophageal varices and HCC. In recent years, the advent of effective treatment with direct-acting antiviral drugs has markedly improved the SVR rate in patients with CHC. However, in patients with LC, HCC development occurs at a rate of 1% per year and liver disease progresses at a rate of 2% per year after achieving SVR. (25) Therefore, for patients with LC who achieve SVR, useful biomarkers predicting the complications of LC are warranted for improving its prognosis.
In this study, by comprehensive expression analysis of miRNAs using TaqMan PCR, we identified the miRNAs that are significantly up-regulated in the livers of patients with advanced CHC ( Table 2) . Among the 20 miRNAs differentially expressed with the progression of liver fibrosis in this study (Table 2) , we focused on miR-10a, miR-195, miR-199a-3p, miR-218, and miR-19a. To identify the genes that could be regulated by these miRNAs, we performed mRNA expression analysis by Affymetrix GeneChip using corresponding liver tissues. Notably, unlike other miRNAs, miR-10a was found to regulate liver metabolism. Therefore, we further focused on miR-10a and investigated the functional relevance of miR-10a to abnormal liver metabolism.
Although we did not identify the promoter region of miR-10a in this study, the expression level of miR-10a was substantially increased by HCV infection and low amino acid levels compared with that of other miRNAs, such as miR-199a-3p (Fig. 1A,B ). However, the combination of low amino acid levels (from onehalf to 1/10 DMEM) and HCV infection (MOI = 1) did not show further induction of miR-10a (Fig. 1B) . This is probably because the amount of HCV infection might not be enough for further induction of miR-10a. Further study could be performed by using a greater amount of HCV. The expression of miR-10a and miR-199a-3p is reportedly induced by transforming growth factor β (TGF-β), (26, 27) and TGF-β signaling was induced by HCV infection and poor nutrition. (28) Therefore, TGF-β signaling might be involved in the induction of these miRNAs in this study.
To the best of our knowledge, the present study is the first to demonstrate that miR-10a negatively regulates the expression of the circadian rhythm gene Bmal1 through the inhibition of the expression of the nuclear receptor RORA (Fig. 3) . RORA binds to ROR-responsive element (RORE) in the promoter region of Bmal1 and positively regulates Bmal1 transcription. (29) We showed that miR-10a is also a rhythmic gene similar to Bmal1, and interestingly, rhythmic change of Bmal1 was blunted by the overexpression of miR-10a (Fig. 4A) . Similarly, up-regulation of Bmal1induced expression of SREBF1, SREBF2, and FASN were also hampered by miR-10a (Fig. 4B) .
The expression of Bmal1 fluctuates in an approximately 24-hour cycle in contrast to the period circadian clock 2 (per2) gene, which fluctuates in an opposite phase. (29) Contrary to humans, in nocturnal mice and rats administered a meal at night, expression levels of Bmal1 were elevated at night but low during the day. (18) In liver-specific Bmal1-KO mice, a considerable reduction of genes associated with lipid neogenesis (SREBP1c, FASN, acetyl-coenzyme A [CoA] carboxylase 1 [ACC1], and stearoyl-CoA desaturase 1 [SCD1]) was observed. (30) In addition, fasting hypoglycemia and a loss of elevation of PGC1α expression level were observed. (31) Chromatin immunoprecipitation-on-chip analysis of Bmal1 in mice livers revealed a significant accumulation of Bmal1 in the regions of the mTOR promoter (8.73E-15) and LRH1 promoter (7.50E-05), suggesting that Bmal1 directly induces such gene expressions. (32) Furthermore, it is reported that AMPK activates RORA (33) and induces Bmal1 expression through direct phosphorylation of PGC1α, which plays a role as a coactivator of RORA for Bmal1 transcription. (34, 35) RORA indirectly increases Bmal1 expression by up-regulating PPARA. (36, 37) The present study showed that miR-10a suppressed lipid synthesis, gluconeogenesis, and protein synthesis by inhibiting the expression of various RORA-Bmal1-related genes, such as SREBF1, SREBF2, FASN, PPARA, PCK1, PPARGC1, LRH1, p-mTOR, p-S6K, and p-AMPK ( Figs. 2-4) . Importantly, miR-10a-induced phenotypes were all rescued by the overexpression of Bmal1 or RORA (Supporting Fig. S3 ). The results indicated that the regulation of liver metabolism by miR-10a is mainly through the suppression of the RORA-Bmal1 pathway. However, in lipid metabolism, we found that miR-10a stimulated fatty acid oxidation as well as the inhibition of lipogenesis ( Fig. 2A) . Increased fatty acid oxidation by miR-10a could not be explained simply by the suppression of RORA-Bmal1; therefore, there might be other miR-10a-mediated pathways independent of RORA-Bmal1.
A recent study has revealed that Bmal1 regulates the genes involved in mitochondrial biogenesis and that liver-specific Bmal1-KO mice showed loss of metabolic flexibility in response to nutrient influx, causing mitochondrial swelling with increased oxidative stress; when loaded with a high-fat diet, the mice exhibited insulin resistance and fatty liver. (38) Therefore, the reduced expression of Bmal1 in CHC potentially worsened liver dysfunction, causing diabetes and fatty liver. In fact, we found the expression of Bmal1 was positively correlated with the expression of mitochondrial OXPHOS-related genes (Supporting Fig. S5 ) and the expression of Bmal1 decreased in advanced CHC (Supporting Fig. S4 ).
Expression of miR-10a increases with progression of liver fibrosis; therefore, we examined the direct influence of miR-10a on liver fibrosis using human hepatic stellate cell-derived Lx-2 cells. We found that the overexpression of miR-10a decreased the expression of phosphorylated mothers against decapentaplegic homolog 2 (pSMAD2)/3 and collagen type I alpha 1 chain (COL1A1). By contrast, the inhibition of miR-10a expression increased the expression of pSMAD2/3 and COL1A1 (Supporting Fig. S6 ). Therefore, it appears that miR-10a has an inhibitory effect on fibrogenesis in hepatic stellate cells.
Finally, we examined the usefulness of miR-10a as a biomarker for hepatic reserves. The Model for End-Stage Liver Disease (MELD) score serves as a tool to predict prognosis in patients with LC; however, the survival rate of 15%-20% of patients cannot be predicted by the MELD score. (1) To determine the feasibility of miR-10a as a novel biomarker, miR-10a expression was measured in additional liver tissues of 66 patients with LC and compared with clinical data (Supporting Table S2 ). We found that the expression of miR-10a correlated well with the liver function test (Fig. 5A ) and liver fibrosis markers ( Fig. 5B ) and that the expression of miR-10a increased in patients with poor hepatic reserves and in those with risky varices (Fig. 5C ). Furthermore, in 57 patients with HCC, it was observed that an increased expression level of miR-10a led to a shorter recurrence-free survival period (Fig. 5D ). It has been reported that the expression level of miR-10a is elevated in pancreatic cancer (39) and non-small cell lung cancer (40) and that it promotes metastasis in uterine cancer. (41) However, the reports on miR-10a expression in HCC are controversial, with certain reports indicating increased expression level (42) and others indicating reduced expression level. (43, 44) miR-10a reportedly inhibits HCC metastasis by inhibiting the expression of ephrin type-A receptor 4 (EphA4). (45) However, in the present study, we measured the expression level of miR-10a in the background liver tissues and found that elevated expression level of miR-10a reflects liver damage and that the expression level of miR-10a could be useful for identifying groups at a high risk of HCC.
In conclusion, we revealed miR-10a is a clock gene and involved in abnormal liver metabolism and acceleration of liver dysfunction by inhibiting the expression of Bmal1. Furthermore, miR-10a can serve as a useful biomarker to predict prognosis in patients with LC. Further studies are required to investigate miR-10a in serum and in case of other liver diseases, such as chronic hepatitis B and nonalcoholic steatohepatitis.
